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Abstract 
The interactions between water-saturated supercritical carbon dioxide, organics, and minerals are relatively unknown despite 
being important to carbon sequestration and enhanced hydrocarbon recovery activities. The goals of this study include 
verification of organic transport through scCO2 and exploration of whether organic ligands can impact carbonate formation. An 
in situ near-infrared spectroscopic technique was used to probe supercritical CO2 (scCO2)-organic mixtures at 35 °C and 100 bar. 
Observation of C-H bands in the spectra collected from scCO2 equilibrated with a Ca-acetate solution (1.7 m) provided direct 
evidence of organic partitioning into the scCO2 phase. A series of high pressure X-ray diffraction experiments at 50 °C and 90 
bar were performed to investigate how citrate (0.01-0.5 m) affected the coupled dissolution of forsterite and precipitation of 
magnesium carbonates in scCO2. In control experiments where no citrate was present, nesquehonite (MgCO3∙3H2O) was initially 
produced as a metastable intermediate that was then converted to magnesite (MgCO3).  However, experiments with citrate 
promoted magnesite, rather than nesquehonite, precipitation, and at the highest concentrations reduced the extent of the 
carbonation reaction. This paper discusses these unique findings on organic and scCO2 interactions that are not currently being 
considered in the fate and transport of CO2 in the subsurface. 
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1. Introduction  
Subsurface carbon dioxide (CO2) injection is a promising technology for reducing atmospheric CO2 
concentrations via geologic sequestration and enhancing hydrocarbon recovery from oil and gas formations [1-3]. 
Utilization of supercritical CO2 (scCO2) as a hydraulic fracturing fluid for unconventional reservoirs is also receiving 
increased attention as an alternative to using large volumes of water [4, 5]. In the subsurface, the injected scCO2 
produces regions in which the full spectrum of mutual CO2-H2O solubility can occur [6-9]. In basalt reservoirs, the 
CO2–rich (water-bearing scCO2) fluids are highly reactive with regard to the minerals present [10], and the scCO2 
may mobilize the organics, as scCO2 is an effective solvent of organic matter [11], which has been observed in the 
field and in experiments with geomaterials [12-25]. In our recent investigation, we demonstrated that simple, 
naturally abundant organic ligands (the protonated forms of acetate, malonate, oxalate, and citrate) were transported 
through water-saturated scCO2 and their presence impacted the carbonation of forsterite [25]. 
In this present work, which is a continuation of the Miller et al. [25] study, we performed additional 
experiments in order to accomplish four goals: 1) verify transport of simple organic ligands via solvation by scCO2, 
2) further investigate the impacts that the organics have on magnesium carbonate precipitation in thin adsorbed 
water films, 3) attempt to  determine the flux of citrate complexes to the forsterite surface in Miller et al. [25], and 4) 
identify evidence of metal-organic partitioning into the water-saturated scCO2 phase. The in situ spectroscopic 
experiment was conducted with a calcium acetate solution at similar conditions to EXP 2 in Miller et al. [25]. 
Acetate was chosen as it is the most prevalent organic ligand in subsurface waters [26-28]. The high pressure X-ray 
diffraction (HXRD) experiments utilized three different citrate-rich solutions, as citrate most affected the forsterite 
carbonation in Miller et al. [25]. Additionally, citrate is a suitable example of a multivalent organic ligand that is 
often used in forsterite reactivity studies [29-33]. Forsterite was chosen as a model silicate mineral in order to 
compare the results with previous studies [25, 34-39].  
2. Experimental Methods 
Organic reagents were purchased from Sigma Aldrich and used as-received. Three sodium citrate solutions 
were prepared with deionized distilled (DDI) water and trisodium citrate dihydrate salt with concentrations of 0.01, 
0.1, and 0.5 m. DDI water was used in control experiments that did not contain organics. Calcium acetate 
monohydrate was used to prepare a 1.7 m calcium acetate solution for the spectroscopic experiments, while glacial 
acetic acid was used as a reference standard. The high surface area (26.7±0.1 m2/g) synthetic forsterite  has been 
described and characterized by Thompson et al. [35] and Miller et al. [25].  
The in situ near-infrared (NIR) spectroscopic technique consists of a windowed titanium Parr pressure 
vessel in line with a NIR spectrometer, and is virtually the same setup used in Wang et al. [40]. DDI water or a 1.7 
m calcium acetate solution (30 ml) were introduced into the vessel and allowed to equilibrate with scCO2 at 35 °C 
and 100 bar overnight (~14 hours). Reference spectra of different solutions, including glacial acetic acid and the 
DDI water control, at ambient conditions (~24 °C) were collected in a 1 mm path-length quartz cuvette.  
The in situ HXRD technique, experimental methods, and XRD phase quantification procedure has been 
previously described in detail [25, 38, 41].  The HXRD experiments were conducted at 50 °C and 90 bar for ~4 
days.  The pressure and temperature were selected to simulate reservoir conditions relevant to geological carbon 
sequestration and CO2 utilization in hydrocarbon reservoirs. A small quantity (4.6 mg) of forsterite powder was used 
in each experiment and, just as in Miller et al. [25], 10 μl of the desired solution (DDI water or citrate) was used in 
the experiments. Importantly, the pressurization method differs from that of Miller et al. [25] in that in this 
investigation, the reactor was heated to 50 °C prior to pressurization with 90 bar CO2. This method allowed water 
vapour to distribute the citrate-rich solutions and moisten the forsterite surface prior to pressurization, whereas the 
methods of Miller et al. [25] sought to ensure that solutions and minerals remained separate so organic transport 
through the scCO2 could be evaluated. 
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3. Results and Discussion 
3.1. High Pressure NIR Experiments 
The results of the NIR experiments are shown in Figure 1. The collected spectra of the scCO2 equilibrated 
with the calcium-acetate solution exhibited a band at ~5850 cm-1 that was not present in the reference spectra of 
scCO2 in contact with DDI water (Figure 1a). This feature is due to C-H overtone and combination bands [42, 43] 
and provides direct evidence of organic partitioning into the scCO2, which is consistent with previous studies 
concerning acetic acid extraction from aqueous solutions [44] and acetic acid solubility in CO2 [45-47]. To 
determine if the C-H band in the scCO2 was due to acetic acid or a Ca-acetate complex, reference spectra were 
collected of glacial acetic acid and the 1.7 m calcium acetate solution. The position of the C-H bands in the reference 
spectra were then compared to the spectra of the scCO2 equilibrated with the acetate-rich solution. As shown in 
Figure 1b, it was not possible to perfectly distinguish whether the C-H band contribution is from acetic acid or a Ca-
acetate complex. Although Raman spectroscopy is an ideal technique for studying and identifying metal-organic 
complexes [48], similar experiments with Raman techniques demonstrated that the associated limits of detection are 
too high. Overall, it is likely that the band contribution is from the acetic acid, due to the low pH of the scCO2-
buffered solution [25, 37, 49], the protonation behavior of acetate [50], and the expected low solubility of Ca-acetate 
in scCO2. 
3.2. H2O Control HXRD Experiments (EXP 1 and EXP 2) 
The HXRD experimental results are shown in Table 1 and Figure 2. The first two experiments (EXP 1-2) were 
conducted with organic-free solutions in order to compare the results to the experiments citrate solutions in the 
reactor (EXP 3-5). Peak assignments and mineral powder diffraction file designations can be found in Miller et al. 
[25]. EXP 1-2 (Figure 2a-b) were very similar to the organic-free  experiment of Miller et al. [25], in that reflections 
corresponding to forsterite decreased while nesquehonite and magnesite reflections increased, which indicates  
forsterite dissolution and carbonate precipitation. Peak assignments and mineral powder diffraction file designations 
can be found in Miller et al. [25]. At the conclusion of the experiments, it was apparent that the forsterite was 
consumed in the reaction and converted to magnesite, as the nesquehonite peaks grew in and disappeared during the 
experiments. Structural refinements of the patterns allowed for a quantitative treatment of the crystalline 
components that elucidated the overall reactions. After ~35-40 hours, the amount of precipitated nesquehonite 
peaked before decreasing in abundance, while the amount of magnesite continued to increase, accounting for >90 
 
Figure 1. Panel (a) compares the NIR spectra of water-saturated scCO2 and scCO2 in contact with a Ca-acetate solution (both at 35 °C 
and 100 bar), with the C-H bands of an acetate complex visible at 5850 cm-1 in the upper spectra. Panel (b) shows the collected 
reference spectra of the glacial acetic and Ca-acetate solutions and compares them to the spectra of the scCO2 in contact with the Ca-
acetate solution. Absorbance is unitless, as all of the spectra have been scaled and shifted for comparison. 
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wt. % of the crystalline phase abundance of the EXP 1-2 samples at the end of the experiments. These results 
indicate that nesquehonite is a metastable precursor to magnesite, exemplified in the reactions: 
 
ܯ݃ଶܵ݅ ସܱ ൅ ʹܥܱଶ ൅ ͸ܪଶܱ ൌ ʹܯ݃ܥܱଷ ή ͵ܪଶܱ ൅ ܱܵ݅ଶሺܽ݉ሻ 
 
and 
 
ʹܯ݃ܥܱଷ ή ͵ܪଶܱ ൌ ܯ݃ܥܱଷ ൅ ͵ܪଶܱ 
 
which illustrates the precipitation of nesquehonite and amorphous silica, followed by the conversion of nesquehonite 
to magnesite. This is consistent with work that demonstrates magnesite is the most thermodynamically stable 
magnesium carbonate phase at 50 °C [39, 51, 52] and hydrated carbonate phases are metastable precursors [25, 41, 
53]. The coupled forsterite dissolution and carbonate precipitation reactions likely occurred in nanometer-sized thin 
water films on the forsterite surface. This reaction mechanism, which is fundamentally different than processes in 
the bulk aqueous phase, has been evaluated in other studies concerning the reactivity of scCO2 towards minerals 
[36-38, 41, 54, 55]. Additionally, it is notable that the results of EXP 1 and EXP 2 are virtually identical to the H2O 
Control experiment from Miller et al. [25]. The similarity in the experiments is shown in Figure 2c, which plots the 
Miller et al. [25] results alongside the EXP 1 and EXP 2 results. This agreement indicates moistening the forsterite 
surface with water prior to pressurization likely does not impact the water film properties that are established for the 
duration of the experiment. Therefore, at our experimental conditions (50 °C, 90 bar, and more than enough water to 
fully saturate the scCO2), the forsterite carbonation reaction was not significantly affected by the presence of bulk 
water on the mineral prior to exposure to wet scCO2 conditions.   
 
Table 1. Experimental parameters and results of HXRD experiments.  
Experiment Duration (hr) 
Nesquehonite 
(wt. %)a 
Magnesite 
(wt. %)a 
Total 
Crystalline 
Carbonation 
(wt. %) 
EXP 1-H2O Control 1 89.0 2 92 94 
EXP 2-H2O Control 2 88.0 5 94 99 
EXP 3-0.01 m Citrate 94.0 8 84 92 
EXP 4-0.1 m Citrate 91.5 0 90 90 
EXP 5-0.5 m Citrate 86.4 0 70 70 
a Uncertainty is ±5 wt. % 
 
3.3.  Citrate HXRD Experiments (EXP 3-5) 
The results of the HXRD experiments with citrate-rich solutions in contact with the scCO2 phase (EXP 3-5) 
were comparable to the control experiments (EXP 1-2), as shown in Figure 2d-f and Table 1. However, the relative 
abundances of precipitated nesquehonite and magnesite and in at least one case, the extent of carbonation, were 
significantly impacted by the presence of citrate.  In EXP 3, which had a 0.01 m citrate solution in the reactor, the 
maximum amount of nesquehonite precipitated was ~44 wt. % (Figure 2d), which is significantly less than the 
maximum amounts of ~75-85 wt. % precipitated in the citrate-free experiments. This disparity in the amount of 
nesquehonite precipitated is likely due to the presence of citrate in the thin water film environment. The apparent 
nesquehonite suppression is probably due to Mg2+-citrate complexing, which facilitated the partial dehydration of 
Mg2+ and produced higher proportions of less strongly hydrated Mg2+ [25]. This process overcomes the kinetic 
limitations to anhydrous magnesite precipitation. 
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When citrate concentrations were increased to 0.1 m (EXP 4) and 0.5 m (EXP 5), impacts to carbonation 
became more pronounced. As indicated in Figure 2e-f, nesquehonite formation was below detection limits. Only 
reflections corresponding to forsterite and magnesite were present in the collected diffractograms. This indicates that 
higher concentrations of citrate in the thin water films complexed the Mg2+ to such a degree that nesquehonite 
precipitation was completely suppressed. However, in EXP 5, the 0.5 m citrate solution not only fully inhibited the 
 
Figure 2. Temporal evolution of forsterite dissolution and magnesite-nesquehonite precipitation in the HXRD experiments. Phase 
abundances of the minerals (wt. %) are plotted against reaction time (Y-axis, hrs). The legend for all of the panels is shown in (a). The 
red squares correspond to forsterite, the green circles to nesquehonite, and the blue triangles to magnesite. The results of EXP 1 and 
EXP 2 are shown in panels (a) and (b), respectively. In panel (c), they are plotted with the data from the similar organic-free 
experiment from Miller et al. [25]. The error bars (±5 wt. %) have been removed for clarity. Closed shapes correspond to EXP 1, open 
shapes to EXP 2, and the crosshair shapes to the Miller et al. [25] data. EXP 3-5 results are plotted in panels (d), (e), and (f). 
3230   Quin R.S. Miller et al. /  Energy Procedia  63 ( 2014 )  3225 – 3233 
transitional nesquehonite precipitation, but also decreased the extent of carbonation, as the experiment plateaued at 
~70 wt. % magnesite precipitated. Carbonation suppression is likely due to the extensive amount of citrate 
complexing and monopolizing the Mg2+ in the interfacial water film, making it unavailable for carbonate formation 
[32, 56, 57].  
The citrate-bearing experiments in this work were then compared with a similar experiment in our previous 
study [25] to constrain the amount of citrate transported through the scCO2. In EXP 4, the inclusion of 0.1 m citrate 
fully suppressed nesquehonite precipitation (Figure 2a). This contrasts with the Miller et al. [25] results in which 
after ~45 hours of reaction, there were nearly equal abundances of magnesite (40 wt. %) and nesquehonite (46 wt. 
%). This discrepancy is due to the different pressurization methods (see Section 2 above). Conditions for EXP 4 
allowed predeposition of the 0.1 m citrate solution onto the forsterite surface, but in our previous work [25], citrate 
(in the form of citric acid) was limited to diffusing through the scCO2 to access the forsterite surface. The surface 
concentration was evidently not sufficient to produce a similiar citrate concentration in the water film to suppress 
nesquehonite formation.  
To further facilitate comparison, the HXRD results of EXP 3 (0.01 m) were plotted with the Miller et al. 
[25] results in Figure 3. The temporal evolution of the coupled dissolution and precipitation reactions for the two 
experiments are strikingly similar. We suggest that this indicates the citrate concentration in the thin water film in 
the Miller et al. [25] experiment was ~0.01 m. When the experimental parameters of Miller et al. [25] are taken into 
account, it is apparent that only small amounts of organics need to diffuse through the scCO2 to create influential 
concentrations in the thin water film environment. For instance, the ~0.01 m citrate concentration is possible if only 
~0.2% of the total citrate (~2x10-9 moles) migrated to the interfacial water film. 
 
4. Conclusions, Implications, and Recommendations for Future Work 
This study has verified the extraction and transport of naturally abundant organic ligands by scCO2 at 
similar conditions to the Miller et al. [25] study. Transport of organic and possibly metal-organic complexes is vital 
in light of concerns about CO2 leakage from reservoirs and potential impacts to overlying potable aquifers [58, 59]. 
The solubility of organics must be considered when leakage risk models are constructed. This investigation has also 
 
Figure 3. Temporal evolution of forsterite dissolution and magnesite-nesquehonite precipitation in selected HXRD experiments. Phase 
abundances of the minerals (wt. %) are plotted against reaction time (Y-axis, hrs). The error bars (±5 wt. %) have been removed for 
clarity. The closed shapes correspond to EXP 3 and the open shapes correspond to the citrate experiment from Miller et al. [25]. 
 Quin R.S. Miller et al. /  Energy Procedia  63 ( 2014 )  3225 – 3233 3231
further clarified the behavior of organic ligands in thin interfacial water films and how they can affect mineral 
transformations. Understanding these types of organic-influenced mineral transformation is important, as they have 
the potential to alter the porosity and permeability of formations and the integrity of sealing units. These possible 
perturbations may also impact the recovery of hydrocarbons from these subsurface environments.  Additionally, the 
HXRD methods and chosen suite of experiments allowed the flux of the protonated citrate through scCO2 in Miller 
et al. [25] to be estimated. This work presents high resolution in situ data of forsterite carbonation in wet scCO2, 
including only the second example of the inclusion of organic ligands in these types of experiments [25]. This type 
of experimental data is required for making predictive models of the fate and transport of CO2 in the crust 
considerably more robust [60]. Lastly, it is important to continue to develop techniques to experimentally determine 
the potential for scCO2 to solvate, transport, and deposit naturally abundant metal-organic complexes, which could 
have profound implications for mass transfer and geochemical reactions in the crust [25, 61]. 
Acknowledgements 
This work was supported by the U.S. Department of Energy, Office of Fossil Energy. Acknowledgement is 
made to the Donors of the American Chemical Society Petroleum Research Fund for partial support of this research. 
Quin Miller also acknowledges support from as University of Wyoming (UW) Energy Graduate Fellowship. John 
Kaszuba’s work was also supported by the UW School of Energy Resources. We especially wish to thank John 
Loring for generously providing the synthetic forsterite used in this study. A portion of this work was performed at 
EMSL, a national scientific user facility at PNNL that is managed by the DOE’s office of Biological and 
Environmental Research. PNNL is operated for the DOE by Battelle Memorial Institute under Contract DE-AC06-
76RLO-1830. 
 
References 
[1] C.L. Davidson, B.P. McGrail, Economic assessments of revenues associated with enhanced recovery and CO2 storage in gas-bearing shales, 
International Journal of Greenhouse Control, submitted (2014). 
[2] S. Bachu, CO2 storage in geological media: Role, means, status and barriers to deployment, Prog. Energy Combust. Sci., 34 (2008) 254-273. 
[3] S. Emberley, I. Hutcheon, M. Shevalier, K. Durocher, B. Mayer, W.D. Gunter, E.H. Perkins, Monitoring of fluid-rock interaction 
and CO2 storage through produced fluid sampling at the Weyburn CO2-injection enhanced oil recovery site, Saskatchewan, Canada, Applied 
Geochemistry, 20 (2005) 1131-1157. 
[4] C. Palmer, Z. Sito, Nitrogen and carbon dioxide fracturing fluids for the stimulation of unconventional shale plays, AGH Drilling, Oil, Gas, 
30 (2013). 
[5] R. Barati, J.-T. Liang, A review of fracturing fluid systems used for hydraulic fracturing of oil and gas wells, Journal of Applied Polymer 
Science, (2014). 
[6] N. Spycher, K. Pruess, J. Ennis-King, CO2-H2O mixtures in the geological sequestration of CO2. I. Assessment and calculation of mutual 
solubilities from 12 to 100°C and up to 600 bar, Geochimica et cosmochimica acta, 67 (2003) 3015-3031. 
[7] H. Lin, T. Fujii, R. Takisawa, T. Takahashi, T. Hashida, Experimental evaluation of interactions in supercritical CO2/water/rock minerals 
system under geologic CO2 sequestration conditions, Journal of Materials Science, 43 (2008) 2307-2315. 
[8] J.M. Nordbotten, M.A. Celia, Similarity solutions for fluid injection into confined aquifers, Journal of Fluid Mechanics, 561 (2006) 307-327. 
[9] X. Wang, V. Alvarado, N. Swoboda-Colberg, J.P. Kaszuba, Reactivity of dolomite in water-saturated supercritical carbon dioxide: 
Significance for carbon capture and storage and for enhanced oil and gas recovery, Energy Conversion and Management, 65 (2013) 564-573. 
[10] B.P. McGrail, H.T. Schaef, V.A. Glezakou, L.X. Dang, A.T. Owen, Water Reactivity in the Liquid and Supercritical CO2 Phase: Has Half 
the Story Been Neglected?, in: J. Gale, H. Herzog, J. Braitsch (Eds.) Greenhouse Gas Control Technologies 9, 2009, pp. 3415-3419. 
[11] R.B. Gupta, J.-J. Shim, Solubility in Supercritical Carbon Dioxide, CRC Press, 2007. 
[12] Y.K. Kharaka, J.J. Thordsen, S.D. Hovorka, H.S. Nance, D.R. Cole, T.J. Phelps, K.G. Knauss, Potential environmental issues of CO2 storage 
in deep saline aquifers: Geochemical results from the Frio-I Brine Pilot test, Texas, USA, Applied Geochemistry, 24 (2009). 
[13] A. Gize, R. Macdonald, Generation of Compositionally Atypical Hydrocarbons in CO2-Rich Geologic Environments, Geology, 21 (1993). 
[14] R.J. Hwang, J. Ortiz, Effect of CO2 flood on geochemistry of McElroy oil, Organic Geochemistry, 29 (1998) 485-503. 
[15] S.D. Killops, A.D. Woolhouse, R.J. Weston, R.A. Cook, A Geochemical Appraisal of Oil Generation in the Taranaki Basin, New Zealand, 
AAPG Bulletin, 78 (1994) 1560-1585. 
[16] S.D. Killops, R.G. Allis, R.H. Funnell, Carbon dioxide generation from coals in Taranaki basin, New Zealand: Implications for petroleum 
migration in southeast Asian tertiary basins, AAPG Bulletin-American Association of Petroleum Geologists, 80 (1996) 545-569. 
[17] K.A. Kvenvolden, G.E. Claypool, Origin of Gasoline-Range Hydrocarbons and Their Migration by Solution in Carbon Dioxide in Norton 
Basin, Alaska, Aapg Bulletin-American Association of Petroleum Geologists, 64 (1980) 1078-1086. 
[18] D.M. McKirdy, A.R. Chivas, Nonbiodegraded Aromatic Condensate Associated with Volcanic Supercritical Carbon-Dioxide, Otway Basin - 
Implications for Primary Migration from Terrestrial Organic-Matter, Organic Geochemistry, 18 (1992). 
3232   Quin R.S. Miller et al. /  Energy Procedia  63 ( 2014 )  3225 – 3233 
[19] K.J. Cantrell, C.J. Thompson, H. Shao, H.B. Jung, L. Zhong, W. Um, FY 12 ARRA-NRAP Report – Studies to Support Risk Assessment of 
Geologic Carbon Sequestration in, Pacific Northwest National Laboratory, USA, 2012. 
[20] J.J. Kolak, R.C. Burruss, Geochemical investigation of the potential for mobilizing non-methane hydrocarbons during carbon dioxide storage 
in deep coal beds, Energy & Fuels, 20 (2006) 566-574. 
[21] J.C. Monin, D. Barth, M. Perrut, M. Espitalie, B. Durand, Extraction of Hydrocarbons from Sedimentary-Rocks by Supercritical Carbon-
Dioxide, Organic Geochemistry, 13 (1988). 
[22] M. Radke, H.G. Sittardt, D.H. Welte, Removal of Soluble Organic-Matter from Rock Samples with a Flow-Through Extraction Cell, 
Analytical Chemistry, 50 (1978). 
[23] I. Okamoto, X.C. Li, T. Ohsumi, Effect of supercritical CO2 as the organic solvent on cap rock sealing performance for underground storage, 
Energy, 30 (2005). 
[24] A.K. Scherf, C. Zetzl, I. Smirnova, M. Zettlitzer, A. Vieth-Hillebrand, Mobilisation of organic compounds from reservoir rocks through the 
injection of CO2– Comparison of baseline characterization and laboratory experiments, Energy Procedia, 4 (2011) 4524-4531. 
[25] Q.R.S. Miller, J.P. Kaszuba, H.T. Schaef, M.E. Bowden, Impacts of organic ligands on forsterite reactivity in water-saturated supercritical 
CO2 fluids, Environmental Science & Technology, submitted (2014). 
[26] W.W. Carothers, Y.K. Kharaka, Aliphatic Acid Anions in Oil-Field Waters - Implications for Origin of Natural-Gas, AAAPG Bulletin, 62 
(1978) 2441-2453. 
[27] D.B. MacGowan, R.C. Surdam, Carboxylic acid anions in formation waters, San Joaquin Basin and Louisiana Gulf Coast, U.S.A.—
Implications for clastic diagenesis, Applied Geochemistry, 5 (1990) 687-701. 
[28] S.E. Drummond, D.A. Palmer, Thermal decarboxylation of acetate. 2. Boundary-conditions for the role of acetate in the primary migration 
of natural-gas and the transportation of metals in hydrothermal systems, Geochimica Et Cosmochimica Acta, 50 (1986) 825-833. 
[29] M. Hänchen, V. Prigiobbe, G. Storti, T.M. Seward, M. Mazzotti, Dissolution kinetics of fosteritic olivine at 90-150°C including effects of 
the presence of CO2, Geochimica et cosmochimica acta, 70 (2006) 4403-4416. 
[30] J. Declercq, O. Bosc, E.H. Oelkers, Do organic ligands affect forsterite dissolution rates?, Applied Geochemistry, 39 (2013) 69-77. 
[31] O. Sissmann, D. Daval, F. Brunet, F. Guyot, A. Verlaguet, Y. Pinquier, N. Findling, I. Martinez, The deleterious effect of secondary phases 
on olivine carbonation yield: Insight from time-resolved aqueous-fluid sampling and FIB-TEM characterization, Chemical Geology, 357 (2013) 
186-202. 
[32] B. Bonfils, C. Julcour-Lebigue, F. Guyot, F. Bodenan, P. Chiquet, F. Bourgeois, Comprehensive analysis of direct aqueous mineral 
carbonation using dissolution enhancing organic additives, International Journal of Greenhouse Gas Control, 9 (2012) 334-346. 
[33] V. Prigiobbe, M. Mazzotti, Dissolution of olivine in the presence of oxalate, citrate, and CO2 at 90 degrees C and 120 degrees C, Chemical 
Engineering Science, 66 (2011) 6544-6554. 
[34] O. Qafoku, J. Hu, N.J. Hess, M.Y. Hu, E.S. Ilton, J. Feng, B.W. Arey, A.R. Felmy, Formation of Submicron Magnesite during Reaction of 
Natural Forsterite in H2O-Saturated Supercritical CO2, Geochimica Et Cosmochimica Acta, 134 (2014) 197-209. 
[35] C.J. Thompson, P.F. Martin, J. Chen, P. Benezeth, H.T. Schaef, K.M. Rosso, A.R. Felmy, J.S. Loring, Automated high-pressure titration 
system with in situ infrared spectroscopic detection, The Review of scientific instruments, 85 (2014) 044102. 
[36] J.S. Loring, C.J. Thompson, Z. Wang, A.G. Joly, D.S. Sklarew, H.T. Schaef, E.S. Ilton, K.M. Rosso, A.R. Felmy, In Situ Infrared 
Spectroscopic Study of Forsterite Carbonation in Wet Supercritical CO2, Environmental Science & Technology, 45 (2011). 
[37] C.J. Thompson, J.S. Loring, K.M. Rosso, Z. Wang, Comparative reactivity study of forsterite and antigorite in wet supercritical CO2 by in 
situ infrared spectroscopy, International Journal of Greenhouse Gas Control, 18 (2013) 246-255. 
[38] H.T. Schaef, B.P. McGrail, J.L. Loring, M.E. Bowden, B.W. Arey, K.M. Rosso, Forsterite (Mg2SiO4) Carbonation in Wet Supercritical CO2: 
An in Situ High-Pressure X-ray Diffraction Study, Environmental Science & Technology, 47 (2013) 174-181. 
[39] A.R. Felmy, O. Qafoku, B.W. Arey, J.Z. Hu, M. Hu, H.T. Schaef, E.S. Ilton, N.J. Hess, C.I. Pearce, J. Feng, K.M. Rosso, Reaction of water-
saturated supercritical CO2 with forsterite: Evidence for magnesite formation at low temperatures, Geochimica Et Cosmochimica Acta, 91 (2012). 
[40] Z. Wang, A.R. Felmy, C.J. Thompson, J.S. Loring, A.G. Joly, K.M. Rosso, H.T. Schaef, D.A. Dixon, Near-infrared spectroscopic 
investigation of water in supercritical CO2 and the effect of CaCl2, Fluid Phase Equilibria, 338 (2013) 155-163. 
[41] Q.R.S. Miller, C.J. Thompson, J.S. Loring, C.F. Windisch, M.E. Bowden, D.W. Hoyt, J.Z. Hu, B.W. Arey, K.M. Rosso, H.T. Schaef, 
Insights into silicate carbonation processes in water-bearing supercritical CO2 fluids, International Journal of Greenhouse Gas Control, 15 (2013) 
104-118. 
[42] N. Akai, Y. Katsumoto, K. Ohno, M. Aida, Vibrational anharmonicity of acetic acid studied by matrix-isolation near-infrared spectroscopy 
and DFT calculation, Chemical Physics Letters, 413 (2005) 367-372. 
[43] K.B. Whetsel, Near-Infrared Spectrophotometry, Applied Spectroscopy Reviews, 2 (1968) 1-&. 
[44] K.M. Dooley, A.W. Cain, F.C. Knopf, Supercritical fluid extraction of acetic acid, alcohols and other amphiphiles from acid-water mixtures, 
Journal of Supercritical Fluids, 11 (1997). 
[45] A. Bamberger, G. Sieder, G. Maurer, High-pressure (vapor plus liquid) equilibrium in binary mixtures of (carbon dioxide plus water or 
acetic acid) at temperatures from 313 to 353 K, Journal of Supercritical Fluids, 17 (2000). 
[46] J.A. Briones, J.C. Mullins, M.C. Thies, B.U. Kim, Ternary Phase-Equilibria for Acetic Acid-Water Mixtures with Supercritical Carbon-
Dioxide, Fluid Phase Equilibria, 36 (1987). 
[47] A.Z. Panagiotopoulos, R.C. Willson, R.C. Reid, Phase-Equilibria in Ternary-Systems with Carbon-Dioxide, Water, and Carboxylic-Acids at 
Elevated Pressures, Journal of Chemical and Engineering Data, 33 (1988). 
[48] M.M. Yang, D.A. Crerar, D.E. Irish, A Raman-Spectroscopic Study of Lead and Zinc Acetate Complexes in Hydrothermal Solutions, 
Geochimica Et Cosmochimica Acta, 53 (1989) 319-326. 
[49] K.L. Toews, R.M. Shroll, C.M. Wai, N.G. Smart, pH-defining equilibrium between water and supercritical CO2. Influence on SFE of 
organics and metal chelates, Analytical Chemistry, 67 (1995) 4040-4043. 
[50] R.E. Mesmer, C.S. Patterson, R.H. Busey, H.F. Holmes, Ionization Of Acetic Acid in NaCl(aq) Media: A Potentiometric Study to 573 K and 
130 Bar, Journal of Physical Chemistry, 93 (1989). 
[51] L. Hopkinson, P. Kristova, K. Rutt, G. Cressey, Phase transitions in the system MgO-CO2-H2O during CO2 degassing of Mg-bearing 
solutions, Geochimica Et Cosmochimica Acta, 76 (2012) 1-13. 
 Quin R.S. Miller et al. /  Energy Procedia  63 ( 2014 )  3225 – 3233 3233
[52] E. Konigsberger, L.C. Konigsberger, H. Gamsjager, Low-temperature thermodynamic model for the system Na2CO3-MgCO3-CaCO3-H2O, 
Geochimica Et Cosmochimica Acta, 63 (1999) 3105-3119. 
[53] H.T. Schaef, Q.R.S. Miller, C.J. Thompson, J.S. Loring, M.S. Bowden, B.W. Arey, B.P. McGrail, K.M. Rosso, Silicate Carbonation in 
Supercritical CO2 Containing Dissolved H2O: An in situ High Pressure X-Ray Diffraction and Infrared Spectroscopy Study, Energy Procedia, 37 
(2013) 5892-5896. 
[54] S. Kerisit, J.H. Weare, A.R. Felmy, Structure and dynamics of forsterite-scCO2/H2O interfaces as a function of water content, Geochimica Et 
Cosmochimica Acta, 84 (2012). 
[55] S. Kerisit, E.J. Bylaska, A. Felmy, Water and carbon dioxide adsorption at olivine surfaces, Chemical Geology, 359 (2013) 81-89. 
[56] Y.P. Lin, P.C. Singer, G.R. Aiken, Inhibition of calcite precipitation by natural organic material: Kinetics, mechanism, and thermodynamics, 
Environmental Science & Technology, 39 (2005) 6420-6428. 
[57] M.M. Reddy, A.R. Hoch, Calcite crystal growth rate inhibition by polycarboxylic acids, Journal of Colloid and Interface Science, 235 (2001) 
365-370. 
[58] O.R. Harvey, N.P. Qafoku, K.J. Cantrell, G. Lee, J.E. Amonette, C.F. Brown, Geochemical Implications of Gas Leakage associated with 
Geologic CO2 Storage: A Qualitative Review, Environmental Science & Technology, 47 (2013) 23-36. 
[59] K.U. Rempel, A. Liebscher, W. Heinrich, G. Schettler, An experimental investigation of trace element dissolution in carbon dioxide: 
Applications to the geological storage of CO2, Chemical Geology, 289 (2011) 224-234. 
[60] H. Hellevang, P. Aagaard, Can the long-term potential for carbonatization and safe long-term CO2 storage in sedimentary formations be 
predicted?, Applied Geochemistry, 39 (2013) 108-118. 
[61] J.P. Kaszuba, L.L. Williams, D.R. Janecky, W.K. Hollis, I.N. Tsimpanogiannis, Immiscible CO2-H2O fluids in the shallow crust, 
Geochemistry Geophysics Geosystems, 7 (2006). 
 
